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Abstract

The unprecedented expansion of the Internet has led to the introduction of the massive
Data Centres that provides the infrastructure for Cloud Computing [8]. Additionally,
Software Defined Network (SDN) has aided prevailing Internet architecture with net-
work virtualization to support Cloud Computing [9]. Virtual Network Embedding (VNE)
algorithms are leveraged by researchers for implementing virtualization of Data Centre
Network (DCN) as it improves network scalability, resource utilization more importantly
lowers the implementation cost in DCN’s [10]. Moreover, VNE-Sim enables users to de-
fine network elements and emulate the infrastructure for both single and batch request
processing approaches with good memory management facility [11]. In this project, we
will delve into the details of the VNE-Sim discrete event simulator by modeling the net-
works in Adevs and generating variety of DCN topologies using Boston University Repre-
sentative Internet Topology Generator (BRITE)[12] and Fast Network Simulation Setup
(FNSS)[13], and analyze the performance of the VNE algorithms on new DCN topology
(DCell topology) using Hiberlite[14].
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Chapter 1

Introduction

Virtual Network Embedding (VNE) in simple terms means the process of attending to the
requests of a VNE-WORK and formation of its respective virtual networks on a substrate
network. These requests are mostly presented by the end users that are interested in
utilizing the virtual network which are embedded on a specific service provider’s infras-
tructure. The virtual network which is a principal component of VNE process consist of
two entities namely: capacity demands of the Central Processing Unit (CPU) for service
provider network nodes and the bandwidth capacity demands of the network link. Some
other entities like virtual network topology, security constraints can also be included[15].

Moreover, the failure rate as well as the chances of achieving success in a virtual network
is primarily dependent on two strict conditions. They are: capacity demands and the
availability of resources on the substrate network.

Considering this, VNE can be divided into two different steps of virtual node embedding
and virtual link embedding. The former simply means the process of forming virtual nodes
on a substrate network while the latter defines the most suitable pathways between the
substrate nodes[9].

Furthermore, since attending to virtual network requests is the main objective to define
VNE, in some cases the request may be few while they can also be huge, but the virtual
network operator must be able to create an accommodating virtual network embedding
system. This accommodating VNE system is mandated to hold the available virtual
networks and as well make sure the substrate network is efficiently used.

Hence, the process of achieving such a perfect embedding system requires an algorithm
which directs an efficient mapping for the huge requests from the virtual network. This
algorithm can be termed as Virtual Network Embedding (VNE) Algorithm and its major
responsibility is to deal with the problem of resource allocation for both the virtual nodes
and links [11][10].

1.1 Motivation and Goals

Computer networks are a very important factor to be considered in an evolving world of
today. This is because the world is continuously shifting from the era of traditional form
of networking to the software-controlled mode. In this new era, data centers plays major
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role as source point to all user-controlled device like phones and computers and these data
centers are interconnected through the different wide area network.

Therefore, this caused emergence of Software Defined Network (SDN). Even though SDN
offers a more improved level of output to the end-users and the less maintenance effort to
the service providers, it has its own limitation. Several algorithms have been designed to
check for the acceptance ratio and some characteristic metrics of SDN through some well
known network topologies. In this project, we proposed to analyze a new topology called
DCell using VNE-Sim and evaluate how DCell would improve the performance of DCN.

Hence, we got interested in this project to know what better improvement a DCell topol-
ogy offers over the other pre-existing topologies in terms of comparative analysis of their
performance metrics.

The objective of this project are listed as follows:

1. Understanding modelling with VNE-SIM for networks.

2. To generate different DCN topologies using BRITE and FNSS

3. To analyze the performance of VNE algorithms in terms of different performance
metrics on DCN topologies using Hiberlite.

1.2 Structure of the Report

The remainder of our report is organized as follows: First, we will provide a background
study of SDN, virtualization, DCN architectures, and VNE algorithms. In the next sec-
tion, we will discuss the methods of operation in simulating network embedding to study
performance of DCN architectures. Then, we provide a brief description about Virtual
Network Embedding Simulator (VNE-Sim), tools used, our code contribution to VNE-
Sim, and simulation scenarios of this project. After explaining our understanding of the
VNE-Sim, we show the results, and discuss and compare analysis of the scenarios. Finally,
we provide the challenges and how we overcome them in the project, with the possible
future work for the project.
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Chapter 2

Background Study

2.1 Software Defined Network (SDN) - Virtualization

In this era of globally connected networks, information accessibility is at its widespread
adoption. At the same time, it is very hard to manage, implement and reconfigure the
policies in this connected network and troubleshooting such a complex network itself is a
challenging task. In the present network, the data plane and control plane are bundled
together which makes it difficult to manage the network. Software Defined Network (SDN)
is a paradigm that breaks the integration between data and control plane by implementing
logical centralization of network control plane [2]. This centralization separates the control
logic from the underlying routers and switches in such a way that these devices just
become simple forwarding devices, thus simplifying the policy enforcement and network
reconfiguration [2].

Figure 2.1: SDN Architecture[2]

SDN can be defined as a network with 4 pillars starting with the decoupling of the network
and control plane, as the control functionality is removed from the network devices [2].
Secondly, the forwarding decisions are flow based as opposed to destination based to
make more unifying behavior of network devices followed by the implementation of the
control logic(typically OS) on an external entity called SDN controller that runs on the
commodity server to facilitate the programming of forwarding devices [2]. Lastly, the
network is made programmable through software applications sitting on top of SDN [2].
Figure 2.1 shows the building blocks, concept and SDN architecture. The control-resource
interface between the control and data plane is called southbound interface while the
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control-application interface is called northbound interface [16]. Network Virtualization is
an abstraction of the underlying infrastructure which provides the networking environment
to allow service providers to compose heterogeneous networks which coexist with each
other with complete isolation to meet diverse service requirements [16][17]. So, by using
the approach of Software Defined Networking, it will be possible to virtualize the data
center network with underlying infrastructure. It will result in a network that is simple
to manage, and low cost as compared to physical hardware network and efficient to scale
according to dynamic requirements [18].

In Network virtualization, we accommodate multiple architectures over the shared sub-
strate network. Virtualization allows coexistence of multiple virtual networks on a shared
infrastructure and provides a number of advantages including flexible management, lower
implementation cost, higher network scalability, increased resource utilization, and im-
proved energy efficiency. In this project, we will focus server-centric data center network
topology called DCell and understand the feasibility of using DCell for network virtual-
ization in DCN by comparing its performance using VNE algorithms such as Vineyard
algorithm[19], Global Resource Capacity (GRC) algorithm [10] and Monte Carlo Tree
Search (MCTS) algorithm.

2.2 Data Centre Network (DCN) and its Topologies

Data center Network(DCN) is a combination or facility for housing resources ( such as
computational, storage, and network) interconnected through a communication network.
Data Center Network (DCN) topology plays a key role in a data center, as it interconnects
all of the data center resources together. DCNs need to be capable enough to be scalable
and to connect thousands of servers to handle and manage the increasing demands of
Cloud Computing.

Data centers are the fundamental infrastructure for Cloud Computing. Network Virtu-
alization Embedding is one of the key areas of research for future network architecture.
According to OSI or TCP/IP model’s definition, the DCN operates between layer 2 and
layer 3 networks. DCN are connected by either electronic or optical fiber or a mixture of
connection types. Moreover, DCN can also be considered as a switch fabric due to the
number of network switches which are more in number as compared to the volume of other
network components. Commoditized network switches can be adopted to reduce cost of
Data Center Networks.

2.2.1 DCN Architectures Classification

DCN architectures are classified into three categories[20]:

1. Switch-centric Architecture: In this architecture, all DCN servers are connected
by switches.Tree topology is a switch centric topology in which the core layer is re-
sponsible for routing and balancing traffic load between the core and the aggregation
layer. Aggregation layer provides default gateway redundancy, spanning tree pro-
cessing, load balancing, and firewall and in the edge layer each switch is connected
to two aggregation switches for redundancy. Examples of switch centric topologies
are Two Tier, Three-Tier, Fat Tree, F2Tree and Diamond topologies.
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(a) Three-tier DCN: The Three-tier design of a DCN is based on a hierarchy
of switches or routers. It comprises a core layer, the middle tier forms the
aggre-gation layer. Access layer switches are connected to the aggregation layer
switches and aggregation layer switches are connected to the core layer switches.
The core layer is based on switches and routers. Core layer switches are also
responsible for connecting the data center to the internet. The aggregate layer
switches interconnect multiple access layer switches together. All of the aggre-
gate layer switches are connected to each other by core layer switches. Usually
the aggregation layer acts as a load balancer.Some of the constraints of this
design are oversubscription less than 1:1. This oversubscription defines that
all servers talk to each other at full bandwidth of their network interface.At
present, three-tier is the commonly used network architecture in data centers.
Unfortunately, three-tier architecture is unable to handle the increasing demand
of cloud computing. To manage this constraint, data centers need to have mul-
tipath routing techniques which require multi-rooted core switches.The servers
in the lowest layers are connected directly to one of the edge layer switches.
The upper layers of the three-tier DCN are highly oversubscribed which leads
to oversubscription, multiplicity of paths, and immensely large rout-ing table
entries and increasing lookup latency. The serious drawback of this topol-ogy
is excessive cost due to excessive switches in the upper layers.

Moreover, scalability is another important challenge in three-tier DCN. Other
challenges faced by the three-tier architecture include cross-sectional band-
width, fault tolerance and energy efficiency. The three-tier architecture is based
on enterprise-level network devices at the higher layers of topology that are very
costly and power consuming[3].

Figure 2.2: Three-tier DCN[3]

(b) Fat tree DCN: Fat tree DCN architecture handles the issue of oversubscription
and cross section bandwidth problem faced by the three-tier DCN architecture.
The fat-tree data center network design incorporates the low cost Ethernet com-
modity switches to form a k-ary fat-tree using Clos topology. Fat tree topology
also follows hierarchical organization of network switches in access, aggregate,
and core layers. However, as compared to three-tier DCN the number of net-
work switches is much larger. The fat-tree topology uses identical, commodity
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switches in all layers which leads to multiple-times cost reduction.The fat tree
topology offers 1:1 oversubscription ratio and employs full bisection bandwidth.
The fat tree architecture uses a customized addressing scheme and routing al-
gorithm.

The fat-tree design offers two-level route lookups to assist multi-path rout-
ing. ”The architecture is composed of k pods, where each pod contains, (k/2)2
servers, k/2 access layer switches, and k/2 aggregate layer switches in the topol-
ogy. The core layers contain (k/2)2 core switches where each of the core switches
is connected to one aggregate layer switch in each of the pods. In order to pre-
vent congestion at a single port due to concentration of traffic to a subnet and
to keep the number of prefixes to a limited number, two-level routing tables are
used that spread outgoing traffic from IP addresses.”[3]

Figure 2.3: Fat tree DCN[4]

2. Server-Centric Architecture: In this type of architecture, servers perform com-
puting and packet switching. Bcube, DCell and FiConn are examples of Server-
Centric topologies.These recursively defined DCN architectures use the server-centric
routing model .

(a) DCell: DCell was introduced in 2008 as a structure which connects multiple
servers in a data center. In comparison to Tree Topology, the DCell topology
withstands link/node failures and offers a higher bandwidth under heavy load
which leads to better performance. In this case, one server is directly connected
to many other servers. So, this is a server-centric hybrid DCN architecture .
A server in the DCell architecture is equipped with multiple Network Interface
Cards (NICs). Due to its recursive and hierarchical characteristics DCell is
also able to provide scalability.The DCell structure is composed of basic units
called DCells. A cell0 is the building block of DCell topology organized in
multiple levels, where a higher-level cell contains multiple lower layer cells.
The cell0 contains n servers and one commodity network switch. The DCell
uses a hybrid routing and data processing protocol.The network switch is only
used to connect the server within a cell0. The DCell routing scheme is used
in the DCell architecture to calculate the path from the source to destination
node. DCell is a highly scalable architecture.Unlike the conventional routing,
the communication with servers in other DCells is performed by servers acting
as routers. In addition to scalability, the DCell architecture has a very high
structural robustness. However, cross section bandwidth and network latency
is a serious issue in DCell DCN architecture[21]

3. Hybrid Architecture: This architecture is a combination of switch-centric and
server-centric architectures.Hybrid DCN architectures are proposed recently to over-
come numerous challenges faced by the legacy electrical-only DCNs. Hybrid DCNs

6



Figure 2.4: DCell Topology [5]

Figure 2.5: FiConn Topology[6]

offer promising opportunities to DCNs. However, hybrids DCNs are facing numerous
challenges like interference due to power leaks, and signal reflection in densely pop-
ulated data centers. Other challenges are such cost, scalability, link setup, switching
time, and insertion loss. The wavelength switching time for commercially available
optical switches is around 10 to 25ms. Moreover, hybrid networks lack sufficient
efficacy for DCNs multi-tenant based mixed and heterogeneous workloads. Hybrid
interconnects offer significant network upgrades. The challenges mentioned above
are some of the numerous unresolved challenges that are a barrier in adopting hybrid
technologies in data centers.

2.2.2 Challenges

Scalability, cross-sectional bandwidth, fault tolerance and energy efficiency are the key
challenges to the DCNs. With the emergence of cloud computing, data centers are needed
to be scalable to ten ,hundreds and thousands of nodes. Cost performance index is a
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Figure 2.6: Hyscale Topology[7]

critical factor to be taken into account. DCNs are extremely power hungry infrastructures.
Recent DCN architectures, such as three-tier DCN offer poor cross-section bandwidth and
have very high over-subscription ratio near the root. Fat tree DCN architecture offers
1:1 oversubscription ratio and high cross section bandwidth, but scalability is limited to
k=total number of ports in a switch. DCell offers immense scalability, but under heavy
network load, its performance is poor. Energy Efficiency is another important parameter.

2.2.3 Performance Analysis of DCNs

Each DCN architecture has a different network topology design with some specific con-
straints.In this project, we will focus on analyzing the benefits of different data center
topologies.The results allow us to indicate the best topology for each scenario. Gener-
ally, BCube is more robust to link failures than the other topologies. A detailed analysis
of the three-tier, fat tree, and DCell architectures shows that the fat tree DCN delivers
high throughput and low latency as compared to three-tier and DCell. DCell topology
undergoes very low throughput under high network traffic load and one to many traffic
patterns. DCell has the most robust topology while considering switch failures[22].

2.2.4 Energy efficiency of DCNs

The intensifying power consumption has become critically important to modern data cen-
ters. Power optimization problems have become serious issues for a general network topol-
ogy. DCN topologies like fat tree and DCell architectures use commodity network equip-
ment that is inherently energy efficient. Workload consolidation can be a solution.It means
that the idle network devices can be shutdown or put into sleep mode for energy saving.

Most of the time, data center traffic is far below the peak value. The idle network devices
waste a significant amount of energy. Currently, Data Centre Networks(DCNs) have be-
come significant due to growing demand for information. DCNs should offer high speed
data throughput, efficiency and reliability. It has become vital to develop various topolo-
gies to organize the operation of DCNs and Traffic Engineering.

Fat Tree topology is one of most common topologies which offers building distributed
systems to solve high performance issues. In the Fat Tree topology computing devices
are the leaves and nodes are the switches. This topology is called FAT tree, because the
connections with other varieties are “thicker.
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2.3 VNE Algorithm

Figure 2.7: VNE Algorithm

In recent times, several works have been done on improving the performance of Virtual
Network Embedding (VNE) systems and this therefore led to the following types of algo-
rithms in VNE. They include:

1. R-Vine and D-Vine Algorithms
These two VNE-algorithms were proposed by [19][23] to derive time dependent poly-
nomial algorithms. They arrived at these VNE algorithms by lowering the con-
straints of the integer program to a linear program and hence they are referred to
as Randomized VNE algorithms and Deterministic VNE algorithms.
In terms of acceptance ratio which is one of the prominent performance metrics
of VNE algorithms, it was deduced by [19] that randomization can lead to better
performance of VNE algorithm. This in turn means that the R-Vine algorithm
offers a better performance with respect to acceptance ratio when compared to its
deterministic version of VNE-Algorithm. Work done in [24] also confirmed that
D-Vine got a higher revenue of 5% to cost ratio over R-Vine Algorithm.
Hence, both R-Vine and D-Vine algorithms have distinctive improvements over each
other in terms of performance metrics for VNE.

2. Global Resource Capacity (GRC) Algorithm
Taking cognizance of section 1 whereby it was said that VNE can be classified into
different steps of Virtual Node Embedding and Virtual Link Embedding. Therefore,
the specific VNE algorithm which works with the Virtual Link Mapping is called
Global Resource Capacity (GRC).
With respect to [25], GRC algorithm can be regarded as a “Node Ranking Based
Algorithm” that utilizes a modified version of Dijkstra’s shortest path algorithm to
achieve great performance for Virtual Link Mapping. An improved mode of this
algorithm offers more values, and this leads to GRC-M.

3. GRC-M Algorithm As mentioned above, GRC-M is an improved version of GRC,
and it was proposed by [24]. This algorithm literally means a combination of Global
Resource Capacity and Multicommodity Flow Algorithms. Even though according
to [25], the GRC algorithm employed the modified version of Dijkstra’s algorithm for
Virtual Link Mapping, the combination of GRC and MCF which results in GRC-M
has been found to improve the performance of VNE. They showed that the accep-
tance ratio of VNR was further increased by 25% and 10% when compared with the
same performance metrics while GRC only is involved.
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4. Monte Carlo Virtual Network Embedding (MaVEn) algorithm The MaVEn
algorithms are newly proposed by Haeri and Trajkovic [11] and they have been
approved to offer improved profitability over the well-known ones i.e. D-Vine, R-
Vine, GRC and GRC-M algorithms. MaVEn algorithms come in two different types
of MaVEn-M and MaVEn-S and they both bring improvements but differ in terms of
implementation. While MaVEn-S uses the shortest path algorithm, the MaVEn-M
involves MCF for solving virtual link mapping problem.

According to them [11], MaVEn-M offers a better acceptance ratio over all other
compared algorithms but an improved revenue to cost ratio is debatable compared
to MaVEn-S based on the effect of traffic load. In terms of node utilization, MaVEn-
S has better one over D-Vine, R-Vine, GRC and GRC-M algorithms. Therefore,
Maven algorithms both offer distinct improvements with respective limitations, but
they are more valuable over R-Vine, D-Vine, GRC and GRC-M algorithms for VNE
systems.
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Chapter 3

Theory of Operation/Methodology

Figure 3.1: Classification of VNE problem [1]

As mentioned in the above diagram, GRC, Vineyard and MCTS are the examples of
coordinated two stage algorithms. These algorithms are employed in VNE SIM and we
have used these algorithms to compare the performance of the DCN topologies. The
GRC algorithm uses node based ranking techniques to solve the VNoM problem. In
this algorithm [24], the rank of the node is calculated based upon the bandwidth of the
incoming links and the capacity of the substrate nodes. To embed virtual nodes on the
substrate node, large to large and small to small mapping schemes are employed [24].
There are two versions of GRC algorithms, the traditional GRC employs BFS to solve
for VLiM by determining the shortest path between the nodes using modified Dijkstra’s
Algorithm, while the Modified algorithm GRC-M uses path splitting based on MCF for
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maximising the performance metrics.

The other set of algorithms includes MCTS based MaVEn-M and MaVEn-S which are
based on maximizing the rewards for solving VNoM and VLiM problems by employing an
agent. To solve for VNoM, it uses Markov Decision Making Process (MDP) in which the
agent maps the received VNR to the substrate nodes in finite time. After every successful
embedding of an element for a set of virtual nodes, the agent receives reward and the final
reward is received after it solves for VLiM. The VLiM problem in MaVEn-M is solved
using MCF and MaVEn-S uses the shortest path Breadth First Search(BFS) algorithm.

The Vineyard consists of R-ViNe and D-ViNe algorithms formulates VnoM as mixed
integer problem and relax the integer constraints using a rounding based approach to
obtain the linear program(LP) for the Mixed Integer Problem(MIP)[26]. To solve the
VLiM problem, MCF algorithm is employed to map the virtual links onto the substrate
network path. The vineyard algorithms increases the VN request acceptance ratio and
subsequently the revenue by making successful use of coordinated node and link mapping
technique [19].

Figure 3.2: Virtual Node Mapping and Virtual Link Mapping [1]

12



Chapter 4

Virtual Network Embedding
Simulator (VNE-Sim)[1]

4.1 High-level Architecture

VNE-Sim is a discrete event simulator written in C++. Several base classes and methods
are employed to program the simulation for VNE algorithm, DCN topology, and generate
the unprocessed data for discrete events during simulation to a database. The system
can be illustrated as several modules as shown in the Appendix A working together in
sequence.

1. Test module: src/experiment contains unit test cases written using Boost Library
for Unit Test Framework for various simulation scenarios as follows:

(a) core-test binary - Use for testing and debugging internal modular functional-
ity with test suite such as NodeTest, LinkTest, NetworkTest, GeneratorTest,
VNRequestTest, SubstrateNetworkTest, CoordinateTest, Config, etc.

(b) experiments-test binary - Use for testing the complete simulation scenario using
the different VNE algorithms.

(c) nfg-test binary - Use for network file generation for substrate network and VNR

(d) vineyard-test binary - Use for testing and debugging functionality of Vineyard
algorithm in particular

2. Core module: src/core contains classes and interfaces for managing the various
template abstract classes for the VNE simulation are maintained in this directory
such as, classes for the network components, VNE algorithm, event simulation, and
related operation and result collection.

3. Algorithms module: The implementation of GRC, Monte Carlo Tree Search
(MCTS), Monte Carlo Virtual Network Embedding (MaVEn), and Vineyard (Ran-
domized Virtual Network Embedding (R-Vine) and Deterministic Virtual Network
Embedding (D-Vine)) are maintained and organized in their respective directory.
VNE-Sim introduces MaVEn algorithms with two variants - Monte Carlo Virtual
Network Embedding with Multimedia Flow (MaVEn-M) and Monte Carlo Virtual
Network Embedding with Shortest Path (MaVEn-S) and leverages MCTS to solve
to solve the problem of Markov Decision Process (MDP) in Virtual Node Mapping
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(VNoM). Moreover for Virtual Link Mapping (VLiM), shortest-path algorithms -
Breadth-First Search (BFS) and Multi-Commodity Flow (MCF) are used.

4. Network File Generator (NFG) module: This module employs BRITE and
FNSS libraries to generate network topologies and leverages GNU Scientific Library
(GSL) libraries for generating distributions of VNR arrival times, lifetimes, and
resource requirements.

5. External libraries: Boost[27], GSL[28], Hiberlite[14], Adevs[29], GNU Linear Pro-
gramming Kit (GLPK)[30], Message Passing Interface (MPI)[31], BRITE[12] and
FNSS[13][32] are external libraries that are leverage for VNE simulation.

Figure 4.1: High level architecture

4.2 Tools

In this project, we use VNE SIM which is a Virtual Network Embedding discrete event
Simulator to evaluate the performance of VNE algorithms. This simulator allows the
user to define and enable network elements possessing different resources and at the same
time it enables to generate various topologies of Internet Service providers and data cen-
ter networks for evaluation of VNE algorithms [9]. It works with quite a few external
libraries some of which are downloaded and installed using CMake build process while
the other libraries are required to be installed before installing this software. It has a
well written user guide for selection and implementation of the parameters in order to run
the software. In this project we will understand and implement Fast Network Simulation
Setup (FNSS)[13][32] and BRITE[12] libraries to simplify the setup of the network and to
implement DCell topology in the network.

4.3 Code Enhancement

As we have discussed, VNE-Sim[1] is a software tool which is used for simulating and
analysing the performance of the different types of VNE algorithms on DCN topologies.
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Table 4.1: Pre-installed libraries compiled with Cmake

Library Purpose

Boston University Representa-
tive Internet Topology Generator
(BRITE)[12]

Large scale topology generation for virtual node
request as well as substrate network

Fast Network Simulation Setup
(FNSS)[13]

Generating DCN topology network scenario for
substrate network

Hiberlite[14] Object relational mapping
Adevs[29] Modelling the virtual node embedding process

as a discrete event system

Table 4.2: Libraries that requires installation

Library Purpose

Boost File System[27] Managing File Handling, logging, testing and
debugging

GNU Scientific Library (GSL)[28] Numerical library in C and C++ for generating
Random Numbers

GNU Linear Programming Kit
(GLPK)[30]

C package for large scale linear programming in
VNE algorithms

Message Passing Interface
(MPI)[31]

Parallel computing for MCTS(np-hard prob-
lems)

SQLite3[33] Simple Query Language(SQL) Database Engine
for handling simulation results

DB Browser[34] Reading and exporting CSV format for database
files compatible with SQLite3

Hence in this project, we enhance VNE-Sim tool to test the performance of a DCN topology
which is not included in the VNE-Sim tool and delve in the functional implementation of
virtualization in DCN. The areas where we enhanced the code are highlighted as green in
Fig.4.1. First, in order to do that we understand the VNE-Sim and the flow of the function
calls as elaborated using the Sequence Call in Appendix A. We customized the FNSS
package which is leveraged in VNE-Sim uses the substrate network generation. FNSS is
distributed as a Python[35] package and is also available as C++ and Java Library[36].
Moreover, FNSS Python package has already support for four DCN topologies: BCube,
Two-Tier, Three-Tier and FatTree. Therefore, we added DCell Topology in FNSS which
has not been tested before in VNE-Sim. The change process are detailed as follows:

1. Customizing the FNSS Python Library and implementing DCell Topol-
ogy: New DCell topology was added by customizing the FNSS library and the step
are as follows: -

(a) Uninstall the FNSS which was downloaded for building VNE-Sim using the
command

lucym@ubuntu :˜/ Downloads/ mylib$ pip u n i n s t a l l f n s s

(b) Clone the FNSS library and change the name to your choice. (Here, I choose
the name as myfnss)

lucym@ubuntu :˜/ Downloads/mylib $ g i t c l one https : // github . com/
f n s s / f n s s . g i t myfnss
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(c) Next, change the directory to the newly cloned FNSS package and switch to
root user.

lucym@ubuntu :˜/ Downloads/ mylib$ cd myfnss
lucym@ubuntu :˜/ Downloads/mylib/myfnss$ su
Password :

(d) We need to install FNSS from this folder. The reason behind is that our DCell
topology will be added in this library and the changes we made will get reflected
when we generate the Substrate network using Python interpreter call in VNE-
Sim

root@ubuntu : / home/lucym/Downloads/mylib/myfnss# make i n s t a l l

(e) Next we add our code for DCell topology, the code additions are listed in
Appendix C

root@ubuntu : / home/lucym/Downloads/mylib/myfnss# vim f n s s /
t o p o l o g i e s / datacente r . py

(f) We can test our added Python script as follows and verify using the examples[32]
.

root@ubuntu : / home/lucym/Downloads/mylib/myfnss# python
Python 2 . 7 . 1 7 ( de fau l t , Nov 7 2019 , 1 0 : 0 7 : 0 9 )
[GCC 7 . 4 . 0 ] on l inux2
Type ” help ” , ” copyr ight ” , ” c r e d i t s ” or ” l i c e n s e ” f o r more

in fo rmat ion .
>>> import f n s s
>>> topo = f n s s . d c e l l t o p o l o g y (2 , 2)
>>> f n s s . wr i t e t opo l ogy ( topo , ’ fn s s−topo . xml ’ )
>>> e x i t ( )
Check the generated topology
root@ubuntu : / home/lucym/Downloads/mylib/myfnss# vim fnss−topo .

xml

2. Next we will list the code enhancement to support DCell topology in VNE-Sim.
Code changes are listed in Appendix C.

(a) First we changes the header file as below to add the structure for DCell and
function declaration.
src/network-file-generator/fnss-handler.h

(b) Next, we add the function definition for the declaration we added in the file
below.
src/network-file-generator/network-file-generator.cc

(c) Finally, we add the calls for the test function in the file below.
src/network-file-generator/test/network-file-generator-test.cc

3. Generate the Substrate network topology

(a) Compile the changes

(b) Add the parameter for Substrate network topology in configurations.xml file

(c) Then, run the binary named nfg to generate the file

4. Code enhancement for performance testing

(a) Add the condition to copy the DCNDCell related configuration in setSNNet-
Params()
src/core/experiment-parameters.cc
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(b) Add the generated file names in
src/experiments/test/experiments-test.cc

5. Test the performance

(a) Compile the changes

(b) Run the experiment binary

4.4 Simulation scenarios

We used the VNE User Guide[37] to setup and install the prerequisite and run the test
case. The unit test scenario we have used is called ARRIVAL RATE TESTS. We use
the pre-defined setting in “reqs-12-1000-nodesMin-3-nodesMax-10-grid-25” folder. The
network files have following configuration: -

� From vnr brite param.xml and vnr param.xml files

– BRITE RTWaxman algorithm to create connections between the nodes

– VNR nodes are located on 25x25 Cartesian plane

– Distance between VNR nodes are 3 and 10. Maximum number of nodes is 3.

– Each simulation time is set to 50,000-time unit

– VNR file for arrival distance parameter of 12.5 (traffic of 80 Erlang)

– Virtual link delay is distributed between 50 and 100

– Virtual nodes CPU capacity is distributed between 2 and 20

– Virtual link bandwidth is distributed between 1 and 10

– Distance to embed VNR nodes is 15 and 25 unit

� From substrate net params.xml and substrate net generation algo params.xml

– BRITE RTWaxman algorithm to create connections between the nodes

– VNR nodes are located on 25x25 Cartesian plane

– Substrate nodes CPU distance, substrate link bandwidth and delay distance
parameters are distributed between 50 and 100 units

The code flow is briefly illustrated in Appendix using Sequence Diagram. This unit testcase
run all cases the algorithm configuration combinations and the result are stored in SQL
DB files (in the order which they were run):

� mcvne bfs mcf reqs-12-1000-nodesMin-3-nodesMax-10-grid-25.db

� mcvne mcf mcf reqs-12-1000-nodesMin-3-nodesMax-10-grid-25.db

� mcvne bfs bfs reqs-12-1000-nodesMin-3-nodesMax-10-grid-25.db

� grc mcf reqs-12-1000-nodesMin-3-nodesMax-10-grid-25.db

� grc bfs reqs-12-1000-nodesMin-3-nodesMax-10-grid-25.db

� vineyard deterministic reqs-12-1000-nodesMin-3-nodesMax-10-grid-25.db

� vineyard randomized reqs-12-1000-nodesMin-3-nodesMax-10-grid-25.db
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Chapter 5

Result and Analysis

As mentioned above we used VNE-SIM with the required libraries to generate and test
the DCell topology in the simulator. We first ran the experiment test case by modify-
ing the files in the simulator. It generated a VNR file for arrival distance parameter of
12.5 with traffic of 80 Erlangs along with an SN file generated for 50 nodes using the
BRITE Waxman algorithm. After successfully running initial test cases for validation
purposes for GRC, GRC-M , Vineyard and MCTS algorithms, the results are stored in a
database directory from which we collect the performance metrics by importing into the
DB Browser. By running the test case, we reproduced the results which validates the
sufficient implementation of the network modules mainly BRITE and FNSS.

We performed the initial test with the following parameters:

� Virtual Network Request (VNR) and Substrate Network : RT Waxman Graph

� Arrival time: 12.5, Processing time: 50,000 unit time

� Total generated VNR request: 1000

From the results obtained, We deduced that:

� By Comparing the processing time and computation time of the VNE algorithm, the
combination of “mcvne bfs mcf” takes the longest time. Logging was enhanced to
reduce the simulation time. This will be beneficial once we scale test the performance
on realistic DCN configuration.

� The results show that the MaVEn algorithms outperforms Vine and Global Resource
Capacity (GRC) VNE algorithms. This was compared using the revenue to cost ratio
average as shown below in Table.5.1.

� We can infer from the Table.5.2 that the MCTS and GRC algorithms have better
acceptance ratio than Vineyard.

� If the state is EMBED FAIL, the embedding process is unsuccessful, and no revenue
is generated because the request is rejected

� Revenue to cost ratio[9] is one of the performance metrics which measure the balance
between the revenue generated from embedding VNRs and the cost of allocating
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resources. Revenue can be calculated as follows:

R(Gv) = wc

∑
nv∈Nv

C(nv) + wb

∑
ev∈Ev

B(ev) (5.1)

where wc and wb are the weights for CPU and bandwidth requirements, and the
available CPU capacity of a node n and available bandwidth of a link e are repre-
sented by C(n) and B(e).

Cost can be calculated as follows:

C(Gv) =
∑

nv∈Nv

C(nv) + wb

∑
ev∈Ev

∑
es∈Es

fev

es (5.2)

where fes
ev is the bandwidth of the substrate link es that is allocated to the virtual

link ev and C(n) is the the available CPU capacity of a node n

Table 5.1: Algorithm comparison based on Revenue to Cost Ratio - Waxman

Algorithm Combinations Revenue to cost ratio

GRC-BFS 0.54
GRC-MCF 0.54
MCVNE-BFS 0.68
MCVNE-MCF 0.67
D-Vine MCF 0.49

� Acceptance ratio is another performance metric which measures the ratio of the
total number of VNRs accepted (EMBD SUCCESS) to the total number of VNR
that arrived (VNR ARRIVAL).

Table 5.2: Algorithm comparison based on Acceptance Ratio - Waxman

Algorithm Combinations Acceptance ratio

GRC-BFS 0.589
GRC-MCF 0.589
MCVNE-BFS 0.593
MCVNE-MCF 0.593
D-Vine MCF 0.581
R-Vine MCF 0.581

For our test on the Dcell topology, we used the following parameters:

� DCell Substrate Network Generation: Using FNSS

� Number of servers on level 0, t = 2

� Number of levels, k = 2

� Virtual Network Request (VNR) Network Generation: Using Brite RTWaxman
Graph

� Arrival time: 12, 14, 16, 20, 25, 33, 50, 97
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� Processing time: 50,000 unit time

� Request file dataset: 4166, 3571, 3125, 2500, 2000, 1515,1000, 514

For the result using DCell, Revenue to Cost computation in Table 5.3 shows that MCTS
algorithm is fairly better than GRC and Vine as well.

Table 5.3: Algorithm comparison based on Revenue to Cost Ratio - Waxman and DCell

Algorithm Revenue to cost
ratio

Traffic load - 12
Erlangs

Traffic load - 33
Erlangs

Traffic load - 50
Erlangs

GRC-BFS 0.243 0.243 0.20
GRC-MCF 0.248 0.241 0.23
MCVNE-BFS 0.30 0.297 0.30
MCVNE-MCF 0.304 0.303 0.30
D-Vine MCF 0.246 0.248 0.247
R-Vine MCF 0.246 0.248 0.247

This reflects that DCell is a scalable network structure, and the distributed structure
DCell utilizes the resources[21].

For the result using DCell, Acceptance ratio in Table.5.4 reveals that MCTS and Vine
algorithms are best. High acceptable ratio is a desirable quality. Currently, DCell shows a
low acceptance ratio. The result above shovw the DCell does not perform efficiently when

Table 5.4: Algorithm comparison based on Acceptance Ratio - Waxman and DCell

Algorithm Acceptance ratio

Traffic load - 12
Erlangs

Traffic load - 33
Erlangs

Traffic load - 50
Erlangs

GRC-BFS 0.0549 0.0534 0.055
GRC-MCF 0.0521 0.0594 0.056
MCVNE-BFS 0.0653 0.0627 0.059
MCVNE-MCF 0.066 0.0627 0.059
D-Vine MCF 0.061 0.0592 0.058
R-Vine MCF 0.064 0.0627 0.059

comparing Table.5.2 and Table.5.4. On the other hand, the DCell results contradicts the
design motivation of server-centric DCN architectures which is to design topology that can
be scaled smoothly as new servers are DCN added. Comparative study by Bilal et.al.[38]
shows that as DCell uses the inter-link connection between the servers at level 0 which can
lead to congestion, packet delay and packet loss in larger networks. When we look into
the root-cause of the problem of large embedding failure which causes the low acceptance
ratio, we found that the number of link/node to the link/node mapping of the substrate
network and virtual network. This means that parameters used for data-points generation
for the VNRs need to be tuned further to rectify the problem.

20



Chapter 6

Challenges and Future Work

Eary from the start, the first struggle with the Virtual Network Embedding Simulator
(VNE-Sim) was the long simulation time which took around 3 days for the complete
simulation run. We tried various workarounds to deal with this issue and the change
that we stick with finally was disabling the Boost logging module. Once we understand
the VNE-Sim, the next challenge was with Virtual Network Request (VNR) datapoints
generation. Due to the limitations of our system, we could not generate more than a
traffic load of 97 Erlangs. After the problem with generating data-points, we faced a
problem in embedding Python in VNE-Sim to call the FNSS function to generate the
substrate network. The issue was in the backward incompatibility between the Python
packages version that was used when VNE-Sim was designed and implemented. However,
we overcome this issue with code fixes. As we explained with Fig.4.1, VNE-Sim is a
well-designed and organized standalone tool which was used in our project to study VNE
operation and to understand the tradeoff between different DCN architecture in terms
of the different performance metrics. We were able to successfully implement a DCN
topology called DCell and test the performance on various traffic loads. Therefore, the
tool is amazing and would only require aesthetic changes such as using newer versions
of software, removing all the warnings, introducing added-features to the tool such as
topology animation, etc. that improve the user-experience of using the tool.
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Chapter 7

Conclusion

To map virtual nodes to physical nodes in Virtual Network Embedding Simulator (VNE-
Sim), we introduced an efficient strategy, called DCell topology to interconnect servers.
Each server is connected to a different level of DCells via its multiple links, but all the
servers act equally. High-level DCells are built recursively from many low-level DCells.
DCell uses only mini-switches to scale out, and it scales doubly exponentially with the
server node degree.

Therefore, a DCell with a small server node degree can support up to several millions
of servers without using core switches/routers. On top of its interconnection structure,
DCell is also fault-tolerant and its performance is based on computation of shortest-path
routing. Moreover, DCell offers much higher network capacity compared with two tier,
diamond and the tree-based topologies. Traffic carried by DCell is distributed quite evenly
across all links; there is no severe bottleneck. The best application scenario for DCell is
large data centers[21].

Expected outcome comprises the development of an algorithm which would offer flexible
management, lower implementation cost, higher network scalability, increased resource
utilization, feasibility analysis under interference constraints, and improved energy effi-
ciency.In this Project, we compared Vineyard algorithms, GRC, and MaVEn algorithms
using two performance metrics acceptance ratio, revenue to cost ratio. Based on simula-
tion results, we analyzed behavior of a DCell Topology. We expect to embed a virtual
node to the substrate node which has the minimum sum of the influence distance from
already selected substrate nodes and embed virtual links to the shortest influence path.
Our main goal is power savings by consolidating network resources in networks and data
centers which directed our interest in DCell. However, we were not able to achieve our
expected result. Searching for the cause we found that we need to tune the parameter for
datapoints generation more correctly. Furthermore, we were able to add to the proof that
Monte Carlo Virtual Network Embedding (MaVEn) algorithm seems to work best in all
architectures of Data Centre Network (DCN)
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Appendix A

Sequence Diagram

To illustrate how the VNE-Sim works when we run the unit test-case, we will use a
sequence diagram in Fig.A.1 to show how the modules communicate with other modules
briefly.

1. The test scenario starts by setting the path for the VNR and node embedding algo-
rithm – BFS-SP and MCF.

2. Then initialize the instance for the type of VNE-algorithm and corresponding virtual
link algorithm for example, MCVNENodeMCFLinkExp and initialize the instance
of the substrate network builder.

3. VNE implementation uses co-ordinated two stage algorithms - node mapping algo-
rithm to map the virtual nodes onto substrate nodes and a link mapping algorithm
for mapping virtual links onto substrate paths.

4. Three discrete processes are used for modelling VNE process embedding – embedding
process, release process and VNR generation process, and an additional observer
process to handle the different events.

5. After fetching the dbPath information from configuration.xml the database to cre-
ated.

6. All the required instances are now initialized, we can run the simulation.

7. We create a new instance for the database to save the completed statistics

8. We destroy the instances of the singleton classes – ConfigManager, IDManager, and
RNG to free the resources for the next simulation
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Figure A.1: Brief illustration of a sequence flow
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Appendix B

Software for running VNE-Sim

This Appendix is in support of the VNE-Sim User Guide [37] and to illustrate our ex-
periences in the installing VNE-Sim, making it run. The version of software we used in
Ubuntu are as follows:

1. Ubuntu 18.04.4 LTS version

2. Cmake version - 3.10.2

3. Boost libraries version - 1.65.1

4. GNU Scientific Library (GSL) version - 2.4

5. GNU Linear Programming Kit (GPLK) version - 4.65

6. pip version - 20.0.2

7. FNSS Python package version - 0.9.0

8. SQLite3 version - 3.22.0

9. DB Browser version - 3.10.1
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Appendix C

Code Change Listing

C.1 FNSS Package customization

File name: fnss/topologies/datacenter.py
First, add the new function declaration for DCell topology

a l l = [
’ DatacenterTopology ’ ,
’ t w o t i e r t o p o l o g y ’ ,
’ t h r e e t i e r t o p o l o g y ’ ,
’ bcube topology ’ ,
’ f a t t r e e t o p o l o g y ’ ,
’ d c e l l t o p o l o g y ’
]

Then, add the function definition

def d c e l l t o p o l o g y ( t , k ) :
”””
Return a DCell d a t a c e n t e r topo logy , as d e s c r i b e d in [ 1 ] :

DCell uses a r e c u r s i v e l y−d e f i n e d s t r u c t u r e to i n t e r c o n n e c t
s e r v e r s . Each s e r v e r connects to d i f f e r e n t l e v e l s o f DCel ls
v i a m u l t i p l e l i n k s . We b u i l d high− l e v e l DCel ls r e c u r s i v e l y
from many low− l e v e l ones , in a way t h a t the low l e v e l DCel ls
form a f u l l y −connected graph . Due to i t s s t r u c t u r e , DCell
uses on ly mini−s w i t c h e s to s c a l e out i n s t e a d o f us ing
high−end s w i t c h e s to s c a l e up , and i t s c a l e s doub ly
e x p o n e n t i a l l y wi th the s e r v e r node degree .

This t o p o l o g y comprises :
* : math : ‘ g k = t k−1 + 1 ‘ DCel ls
* : math : ‘ t k = g k * t k −1‘ s e r v e r s
* : DCell0 i s a s p e c i a l case when g 0 = 1 and t 0 = n , wi th n

be ing the number o f s e r v e r s in a DCell0
* : Node degree o f a s e r v e r i s k+1

Each node has an a t t r i b u t e type which can e i t h e r be * s w i t c h * or
* ho s t *

and an a t t r i b u t e * l e v e l * which s p e c i f i e s a t what l e v e l o f the
Bcube
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h i e r a r c h y i t i s l o c a t e d .

Each edge a l s o has the a t t r i b u t e * l e v e l * .

Parameters
−−−−−−−−−−
k : i n t

The l e v e l o f DCell
t : i n t

The number o f h os t per : math : ‘ DCell 0 ‘

Returns
−−−−−−−
t o p o l o g y : DatacenterTopology

References
−−−−−−−−−−
. . [ 1 ] C. Guo , H. Wu, K. Tan , L . Shi , Y. Zhang , and S . Lu ,

” D c e l l : a s c a l a b l e and f a u l t t o l e r a n t network s t r u c t u r e
f o r data centers ,” in Proceedings o f the ACM SIGCOMM
2008 conference on Data communication , 2008 , pp . 75−86

”””

# V a l i d a t e input arguments
i f not isinstance ( t , int ) or not isinstance (k , int ) :
raise TypeError ( ’ k and n arguments must be o f i n t type ’ )
i f t < 0 :

raise ValueError ( ” I n v a l i d n parameter . I t should be >=
0” )

i f k < −1:
raise ValueError ( ” I n v a l i d k parameter . I t should be >=
−1” )

topo = DatacenterTopology ( type=’ d c e l l ’ )
topo . name = ” d c e l l t o p o l o g y (%d,%d) ” % ( t , k )

# C a l c u l a t e the t o t a l number o f s w i t c h e s and hos t from n and k
t o t a l n s w i t c h e s = 1
t o t a l n h o s t = t

i f ( k > −1) :
for in range ( k ) :

t o t a l n s w i t c h e s *= t o t a l n h o s t + 1
t o t a l n h o s t *= t o t a l n h o s t + 1
t o t a l n s w i t c h e s += t o t a l n h o s t

t l = [ ] # the number o f s e r v e r s in D C e l l l
g = [ ] # the number o f DCel l ( l −1)s in D C e l l l

t l . append ( t )
g . append (1)

for i in range ( k ) :
g . append ( t l [ i ] + 1)
t l . append ( g [ i + 1 ] * t l [ i ] )

ho s t = {}
s w i t c h e s = {}
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p r e f = [ ]

# Create a l l t he s w i t c h e s
for i in range ( t o t a l n s w i t c h e s ) :

switch name = ” s ” + str ( i )
num = str ( p r e f + [ i ] )

s w i t c h e s [num] = switch name

# Create a l l t he h os t
for i in range ( t o t a l n h o s t ) :

host name = ”h” + str ( i )
num = str ( p r e f + [ i ] )

ho s t [num] = host name

n host = 0
n switch0 = t l [ k]−1
n switch = 0

for i in range ( t l [ k ] / t ) :
num = str ( p r e f + [ n switch0 ] )
switch name0 = s w i t c h e s [num]
topo . add node ( switch name0 , type = ” switch ” )
n switch0 += 1
for j in range ( t ) :

h o s t i d = str ( p r e f + [ n host ] )
host name = hos t [ h o s t i d ]
topo . add node ( host name , type=” host ” )
n host += 1
s w i t c h i d = str ( p r e f + [ n switch ] )
switch name = s w i t c h e s [ s w i t c h i d ]
topo . add node ( switch name , l e v e l =0, type = ”

switch ” )
n switch += 1
topo . add edge ( switch name , host name )
topo . add edge ( switch name0 , switch name )

for m in range (1 , k+1) :
num host = t l [m−1]
num dce l l s = t l [ k ] / num host

for i in range ( num dce l l s ) :
for j in range ( i +1, num dce l l s ) :

x = ( i *num host+j−1)
y = ( j *num host+i )
i f ( x > ( t l [ k ]−1) ) :

a = x − t l [ k ]
else :

a = x
i f ( y > ( t l [ k ]−1) ) :

b = y − t l [ k ]
else :

b = y

id1 = str ( p r e f + [ a ] )
id2 = str ( p r e f + [ b ] )
s1 = s w i t c h e s [ id1 ]
s2 = s w i t c h e s [ id2 ]
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i f topo . has edge ( s1 , s2 ) == True :
continue

e l i f topo . has edge ( s2 , s1 ) == True :
continue

else :
topo . add edge ( s1 , s2 )

return topo

C.2 VNE-Sim enhancement

File name: src/network-file-generator/fnss-handler.h

Add a new structure for DCell topology configuration.

struct DCNDCell
{

DCNDCell ( ) ;
int t ; /* The number o f s e r v e r s at DCell l e v e l

0 */
int k ; /* The number o f l e v e l ( s ) */

} d c e l l ;

Next, add the declaration for API to call FNSS function to generate DCell Topology

std : : shared ptr<Network<A, B>> getNetwork DCNDCell
( D i s t r i b u t i o n cpu d i s t , double cpu param1 , double

cpu param2 , double cpu param3 ,
D i s t r i b u t i o n bw dist , double bw param1 , double bw param2

, double bw param3 ,
D i s t r i b u t i o n d e l a y d i s t , double delay param1 , double

delay param2 , double delay param3 ) ;

Then, add the definition getNetwork DCNDCell()of the function as well,

template<typename A, typename B>
std : : shared ptr<Network<A, B>> FNSSHandler<A,B> : :

getNetwork DCNDCell
( D i s t r i b u t i o n cpu d i s t , double cpu param1 ,

double cpu param2 , double cpu param3 ,
D i s t r i b u t i o n bw dist , double bw param1 , double

bw param2 , double bw param3 ,
D i s t r i b u t i o n d e l a y d i s t , double delay param1 ,

double delay param2 , double delay param3 )
{

std : : s t r i ng s t r eam pythonScr ipt ;
pythonScr ipt << ” i m p o r t f n s s ; ” ;
pythonScr ipt << ” t o p o l o g y = ” << ” f n s s . d c e l l t o p o l o g y ( t=

” << params . d c e l l . t << ” , k= ” << params . d c e l l . k << ”

) ; ” ;
pythonScr ipt << ” f n s s . w r i t e t o p o l o g y ( t o p o l o g y , ’ .

d a t a c e n t e r t o p o l o g y . xml ’ ) ” ;
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PyRun SimpleString ( pythonScr ipt . s t r ( ) . c s t r ( ) ) ;

f n s s : : Topology t = f n s s : : Parser : : parseTopology ( ” .

d a t a c e n t e r t o p o l o g y . xml ” ) ;
s td : : set<std : : pa i r <std : : s t r i ng , std : : s t r i ng> > edges =

t . getAl lEdges ( ) ;
s td : : set<std : : s t r i ng> nodes = t . getAl lNodes ( ) ;
a s s e r t ( nodes . s i z e ( ) > 0 && edges . s i z e ( ) > 0) ;

std : : shared ptr<Network<A, B>> net (new Network<A, B>() )
;

s td : : map<std : : s t r i ng , int> fnssNodeIdToVNESimNodeId ;

for ( set<s t r i ng > : : i t e r a t o r i t = nodes . begin ( ) ; i t !=
nodes . end ( ) ; i t ++)

{
f n s s : : Node fnssNode = t . getNode (* i t ) ;

s td : : shared ptr<A> n = n u l l p t r ;
// I f the node i s a h os t c r e a t e i t wi th a cpu

c a p a c i t y
i f ( fnssNode . getProperty ( ” t y p e ” ) . compare ( ” h o s t ” )

== 0)
{

numHosts++;
double node cpu = RNG: : Ins tance ( )−>

sampleDis t r ibut ion<double , double ,
double , double>

( cpu d i s t , s td : : tuple<double , double ,
double> ( cpu param1 , cpu param2 ,
cpu param3 ) ) ;

n . r e s e t (new A ( node cpu , 0 , 0) ) ;
}
else
{

numSwitches++;
n . r e s e t (new A (0 , 0 , 0 ) ) ;

}
fnssNodeIdToVNESimNodeId [* i t ] = n−>get Id ( ) ;
net−>addNode (n) ;

}

for ( set<pa i r <s t r i ng , s t r i ng> > : : i t e r a t o r i t = edges .
begin ( ) ; i t != edges . end ( ) ; i t ++)

{
double l ink bw = RNG: : Ins tance ( )−>

sampleDis t r ibut ion<double , double , double ,
double>

( bw dist , s td : : tuple<double , double , double> (
bw param1 , bw param2 , bw param3 ) ) ;
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double l i n k d e l a y = RNG: : Ins tance ( )−>
sampleDis t r ibut ion<double , double , double ,
double>

( d e l a y d i s t , s td : : tuple<double , double , double> (
delay param1 , delay param2 , delay param3 ) ) ;

int nodeFromId = fnssNodeIdToVNESimNodeId [ ( * i t ) .
f i r s t ] ;

int nodeToId = fnssNodeIdToVNESimNodeId [ ( * i t ) .
second ] ;

s td : : shared ptr<B> l (new B ( link bw , l i n k d e l a y
, nodeFromId , nodeToId ) ) ;

net−>addLink ( l ) ;
}
this−>pt . put ( ” n s w i t c h e s ” , numSwitches ) ;
this−>pt . put ( ” n h o s t s ” , numHosts ) ;
this−>pt . put ( ” n l i n k s ” , net−>getNumLinks ( ) ) ;
return net ;

}

Next, we add the template function for FNSSHandler

template <typename A, typename B>
FNSSHandler<A,B> : : Parameters : : DCNDCell : : DCNDCell ( ) :
t ( ConfigManager : : In s tance ( )−>getConf ig<int>(”

N e t w o r k F i l e G e n e r a t o r . FNSSHandler . DCNDCell . T” ) ) ,
k ( ConfigManager : : In s tance ( )−>getConf ig<int>(”

N e t w o r k F i l e G e n e r a t o r . FNSSHandler . DCNDCell .K” ) )
{
}

template<typename A, typename B>
FNSSHandler<A,B> : : Parameters : : Parameters ( ) :
bcube (DCNBCube( ) ) ,
twot i e r (DCNTwoTier ( ) ) ,
d c e l l (DCNDCell ( ) ) ,
f a t t r e e (DCNFatTree ( ) )

{
}

template <typename A, typename B>
FNSSHandler<A,B> : : FNSSHandler ( ) :
ExternalLibHandler<A,B> ( ) ,
params ( Parameters ( ) )

{
this−>pt . put ( ”DCNBCube . N” , params . bcube . n) ;
this−>pt . put ( ”DCNBCube .K” , params . bcube . k ) ;
this−>pt . put ( ” DCNFatTree . c o r e B W M u l t i p l i e r ” , params .

f a t t r e e . coreBWMultipl ier ) ;
this−>pt . put ( ” DCNFatTree .K” , params . f a t t r e e . k ) ;
this−>pt . put ( ”DCNTwoTier . n c o r e ” , params . twot i e r . n core
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) ;
this−>pt . put ( ”DCNTwoTier . n e d g e s ” , params . twot i e r .

n edges ) ;
this−>pt . put ( ”DCNTwoTier . n h o s t s ” , params . twot i e r .

n hos t s ) ;
this−>pt . put ( ”DCNTwoTier . c o r e B W M u l t i p l i e r ” , params .

twot i e r . coreBWMultipl ier ) ;
this−>pt . put ( ”DCNDCell . T” , params . d c e l l . t ) ;
this−>pt . put ( ”DCNDCell .K” , params . d c e l l . k ) ;

}

File name: src/core/experiment-parameters.h

118 ar & HIBERLITE NVP ( s n d c e l l t ) ;
119 ar & HIBERLITE NVP ( s n d c e l l k ) ;

216 int s n d c e l l t ;
217 int s n d c e l l k ;

File name: src/core/experiment-parameters.cc

void h ibernate ( Archive & ar )
127 else i f ( t t == Topology Type : : DCNDCell )
128 {
129 p r i n t f ( ” Log : setSNNetParams ( ) \n” ) ;
130 sn dcn n sw i t che s = pt . get<int> ( ” n s w i t c h e s ” ) ;
131 sn dcn n hos t s = pt . get<int> ( ” n h o s t s ” ) ;
132 s n d c n n l i n k = pt . get<int>(” n l i n k s ” ) ;
133 s n d c e l l k = pt . get<int>(”DCNDCell .K” ) ;
134 s n d c e l l t = pt . get<int>(”DCNDCell . T” ) ;
135 }
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